Abstract
57
In the present study, we attempted to apply tribological techniques to investigate the 58 interaction of -lactoglobulin (BLG) with mucins under tribological stress and how it affects their 59 lubricating properties. BLG is the major whey protein constituting > 50% of the total whey proteins 
Materials and methods

93
Sample preparation
94
BLG from bovine milk, BSM (Type I-S), and PGM (Type III) were purchased from Sigma-Aldrich
95
(Brøndby, Denmark), and were used as received. Protein solutions with the concentration of 1 96 5 mg/mL were prepared by dissolving in 10 mM phosphate buffered saline (PBS) solutions and were 97 used throughout the study. The pH values of the buffer solutions were adjusted to 7.4, 5, and 3 by 98 addition of HCl or NaOH. For the mixture of BLG and mucins, the two protein solutions were 99 mixed directly at the ratio of 1:1 (v:v) and the total protein concentrations were remained at either 1 100 mg/mL. Due to relatively weaker lubricating capabilities of PGM at 1 mg/mL ( Table   156 1.
158
Mini traction machine (MTM)
159
Lubrication properties of the protein solutions were characterized at mixed/rolling contacts in the 160 higher speed regime by means of a mini-traction machine (MTM, PCS Instruments Ltd., UK) too.
161
Mixed rolling/sliding contacts are provided with MTM by independent rotation of ball and disk. (Table 2) . Thus, without substantial changes in the tribological parameters, e.g. external load, these 268 two sliders provide significantly different contact pressure regimes on the opposing substrate. noticeable that the lubricity of the PGM solutions at 10 mg/mL is not improving or even inferior to 288 that of PGM at 1 mg/mL at pH 3 (Figure 3(b) ). As a control, an experiment employing the 10 289 mg/mL PGM solution at pH 3 again showed low  values under a reduced load of 2 N ( Figure   290 3(b)), the exceptionally high  values of 10 mg/mL PGM solutions at pH 3 under 5 N appear to be 291 related to pressure-induced phenomena, such as bridging of PGM molecules between the two 292 opposing PDMS surfaces and consequently high adhesive contacts.
293
The lubricating efficacy of BLG solutions was also observed to be poor. Although some (Table 1) , which was also attributed to as a main 328 reason for higher friction forces for this pair in the pin-on-disk tribometry experiments (Figure 4 ).
329
The root-mean-square roughness (Rq) of the POM ball and PDMS disk is 659 ± 179 nm and 1.6 ± 330 0.3 nm, respectively. Therefore, the composite surface roughness of the POM-PDMS interface,
, is nearly identical with that of POM. Thus, for the activation of the 332 15 EHL mechanism, the lubricating film thickness should be at least 3 times larger than , (Røn, & 333 Lee 2014), i.e. ca. 2 m, which is not realistic, especially for aqueous lubrication.
334
Superior lubricity by the BSM solution to the other protein solutions, in particular at pH 7.4,
335
was observed in consistent with the pin-on-disk tribometry results (Figure 3 and 4) . Due to the 336 degraded lubricity of BSM at pH 3, however, the relative difference in  values between the protein 337 solutions became blurred, which also was consistent with the pin-on-disk tribometry data ( Figure   338 3). In fact, the  values for the PGM solutions were slightly lower than those of BSM at pH 3, but 
Surface adsorption properties and lubricity; BSM vs PGM
344
A strong contrast in the lubricity between BSM and PGM at PDMS-PDMS sliding interface 345 remains elusive to be understood; both mucins are known to be large in molecular weight and behavior of PGM and its mixture with BLG at 10 mg/mL, only the data obtained from 1 mg/mL 376 protein solutions are displayed. In Figure 6 , as the BSM data set lies in the "right-bottom" quadrant,
377
it reflects the case where high adsorbed mass is directly correlated with effective lubrication. The  378 vs.  plots also display that the relatively higher friction of BSM at pH 3 is not due to the reduced 379 adsorbed mass at that pH condition. PGM, being placed in the "right-upper" quadrant, clearly 380 demonstrates the case where high adsorbed mass is not sufficient for effective boundary lubrication.
381
Lastly, the location of BLG in the "upper-left" quadrant in the plot suggests that the poor adsorption 382 onto PDMS surface is probably the primary reason for its poor boundary lubrication properties.
384
Lubricating properties of BLG-mucin mixtures
385
Distinctively different lubricating properties of BSM and BLG make it most interesting to explore 386 the effect of mixing the two proteins. As mentioned earlier, this is interesting largely because a 387 previous study by Vardhanabhuti et al. (2011) reported that the addition of a BLG solution to the 388 PDMS-PDMS interface, lubricated by human saliva film, led to a rapid loss of lubricity at an acidic 389 pH (3.5), but at a much slower pace at pH 7 or 5.
390
The relationship in the change of the adsorbed mass and lubricity upon mixing BLG and BSM
391
could be clearly manifested in the  vs.  plots in Figure 6 . Basically, as a group, the BLG-BSM 392 data set is shifted leftwards, yet without shifting upwards with respect to the BSM data set,
393
suggesting that the lubricity of BSM is generally maintained despite significantly reduced adsorbed 
